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Abstract 

The  nitroarene  dioxygenases  are  in  the  class  of  Rieske  iron-containing  oxygenases  that  incorporate  atmospheric  oxygen  into  substrates 
via  electrophilic  attack  on  the  substrate.  In  their  native  role,  the  nitroarene  dioxygenases  start  degradative  pathways  by  hydroxylat- 
ing  nitro-substituted,  and  adjacent  unsubstituted  carbons  of  nitroaromatic  compounds.  The  reaction  yields  the  corresponding  nitro-c«- 
cyclohexadienediol,  which  is  unstable  and  spontaneously  re-aromatizes  to  form  a  catechol  and  nitrite.  In  bacterial  metabolism,  the  specificity 
of  the  hydroxylation  determines  subsequent  steps  in  degradation  pathways.  Experiments  were  done  to  find  whether  the  specificity  could  be 
exploited  to  direct  the  hydroxylation  of  multiply  substituted  aromatic  substrates  and  thereby  produce  novel  catechols.  Recombinant  strains 
carrying  genes  for  nitroarene  dioxygenases  were  used  for  transformation  of  various  substituted  nitroaromatic  compounds.  The  reactions  were 
analyzed  using  HPLC  to  track  substrate  consumption  and  product  formation,  then  GC-MS  and  NMR  to  identify  the  reaction  products.  A 
number  of  substituted  catechols  were  obtained  using  the  recombinant  biocatalysts.  The  nitro-substituted  carbon  was  the  primary  site  for 
dioxygenase  hydroxylation.  When  substrates  included  nitro  and  halogen  substituents,  the  halogen-substituted  positions  were  also  targeted, 
but  less  frequently  than  the  nitro-substituted  site.  The  production  of  catechols  was  limited  in  batch  fermentations,  likely  due  to  toxicity  of 
the  quinones  that  result  from  air  oxidation  of  catechols.  The  nitroarene  dioxygenases  will  serve  as  catalysts  for  direct  synthesis  of  highly 
substituted  catechols,  however,  the  reaction  conditions  must  be  engineered  to  overcome  product  toxicity  and  allow  sustained  accumulation  of 
catecholic  products. 

Published  by  Elsevier  Inc. 

Keywords:  Biocatalysis;  Dioxygenase;  Catechol;  Whole-cell  biotransformations 


1.  Introduction 

Substituted  catechols  are  used  in  the  synthesis  of  pharma¬ 
ceuticals  and  other  industrial  compounds,  found  as  common 
constituents  in  biologically  active  natural  products,  and  can 
serve  as  template  molecules  for  organizing  supramolecular 
complexes  [1-4].  Several  methods  are  used  for  chemical  syn¬ 
thesis  of  substituted  catechols  [5,6].  Each  has  drawbacks  such 
as;  harsh  acidic  systems  using  metal  halide  catalysts,  haz¬ 
ardous  waste  disposal  issues,  limited  yields,  and  mixtures 
of  products  that  require  extensive  purification  to  obtain  the 
desired  compound. 

The  regiospecific  nature  of  biocatalytic  reactions  presents 
attractive  alternative  methods  for  synthesis  of  hydroxylated 
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aromatic  compounds.  Oxygenase  catalyzed  production  of 
catechols  from  phenolic  or  benzylic  substrates  has  been  well 
established  on  a  laboratory  scale  [7-11],  Additional  work 
demonstrated  approaches  for  enhancing  the  efficiency  of  the 
biocatalytic  synthesis  of  substituted  catechols  [4,12].  The 
increased  productivity  is  necessary  to  compete  with  chemical 
methods  and  overcome  perceived  limitations  of  oxygenase- 
based  biocatalysis  [13]. 

The  nitroarene  dioxygenases  are  multicomponent,  Rieske 
iron-sulfur  containing  dioxygenases  [14,15].  Molecular 
genetic  studies  revealed  that  the  nitroarene  dioxygenases  are 
closely  related  to  naphthalene  dioxygenases  but  their  sub¬ 
strate  preferences  and  catalytic  specificities  are  quite  differ¬ 
ent  [16].  Nitroarene  dioxygenases  initiate  bacterial  pathways 
for  degradation  of  nitroaromatic  compounds  by  electrophilic 
attack  on  nitro-substituted  and  vicinyl  unsubstituted  car¬ 
bons  to  yield  corresponding  cyclohexadienediols.  The  nitro- 
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Fig.  1 .  Typical  dioxygenation  reaction  of  nitroarene  dioxygenases.  R-group  substituents  tested  in  the  present  work  include  combinations  of  H-,  CH3-,  NO2-,  C1-, 
Br-,  NH2-,  and  CF3-  (Table  1).  The  cyclohexadiene  dihydrodiol  intermediate  shown  in  brackets  was  not  isolated;  the  compounds  are  unstable  and  spontaneously 
rearomatize  to  form  the  corresponding  catechol. 


substituted  diol  is  unstable  and  spontaneously  rearomatizes 
to  yield  a  catechol  and  nitrite  ion  [17].  The  preference  for 
directing  hydroxylation  at  a  nitro-substituted  carbon  can  be 
exploited  to  obtain  specific  products  (Fig.  1).  By  choosing  an 
appropriate  substrate,  one  can  select  the  positions  that  will  be 
hydroxylated  to  form  the  intermediate  nitro-cyclohexadiene 
diol.  The  regioselectivity  and  spontaneous  rearomatization 
in  nitroarene  catabolic  pathways  differs  from  other  dioxy¬ 
genase  initiated  pathways.  In  other  pathways,  the  dioxyge¬ 
nases  generally  attack  vicinyl  un-substituted  carbons  to  yield 
the  corresponding  cyclohexadiene-diols.  Re-aromatization 
requires  an  NAD-dependent  dehydrogenase  to  form  a  cat- 
echolic  product  [18].  The  two  characteristics  of  nitroarene 
dioxygenases  (i)  regiospecific  attack  at  the  nitro-substituted 
position  and  (ii)  spontaneous  rearomatization;  support  the 
potential  use  of  the  oxygenases  as  biocatalysts  for  catechol 
synthesis.  The  present  work  expands  the  understanding  of 
substrate  range  and  catalytic  specificity  for  the  nitrobenzene 
dioxygenase  from  Comamonas  sp.  strain  JS765  [19]  and  the 
2,4-dinitotoluene  dioxygenase  from  Burlcholderia  sp.  strain 
DNT  [20]  and  also  explores  application  of  the  nitrobenzene 
dioxygenases  for  synthesis  of  two  chloromethylcatechol  iso¬ 
mers  from  the  corresponding  chloronitrotoluenes. 

2.  Materials  and  methods 

2.1.  Strains,  plasmids,  and  growth  conditions 

Escherichia  coli  JM109  {recAl,  endAl,  gyrA96 ,  thi, 
hsdR17,  supE44,  A  ( lac-proAB )  relAl,  [F\  traD36,  proAB+, 
lacIqZAMl5],  A-}  was  used  as  cloning  and  expression 
host  organism.  Recombinant  plasmid  pJS1048  included 
genes  for  the  2,4-dinitrotoluene  dioxygenase  (24DDO)  from 
Burkholderia  sp.  strain  DNT  [20].  The  plasmid  was  derived 
by  subcloning  the  6.7-kb  Sacl:SaB  restriction  fragment  from 
pJS48  [20]  into  cloning  vector  pK18  [21].  Recombinant 
plasmid  pJS1927  includes  the  genes  for  the  nitrobenzene 
dioxygenase  (NBDO)  from  Comamonas  sp.  strain  JS765 
[19],  the  plasmid  was  obtained  by  subcloning  the  4.7-kb 
■SbcLEcoRI  restriction  fragment  from  pJS927  into  vector 
pK19  [21].  The  dioxygenase  genes  were  oriented  to  allow 
expression  from  the  isopropylthio-|3-D-galactoside  (IPTG)- 
inducible  lac  promoter  in  the  vector.  E.  coli  strains  were 


grown  on  Luria  Bertani  plates  or  broth  containing  ampi- 
cillin  (lOOmgL-1)  or  kanamycin  (25mgL-1)  for  plasmid 
maintenance  as  appropriate.  Bacteria  for  substrate  preference 
assays  were  cultivated  in  baffled  shaker  flasks  containing  LB 
broth;  recombinant  oxygenase  synthesis  was  induced  with 
addition  of  IPTG  to  culture  broth.  Bacteria  for  larger-scale 
transformations  were  cultivated  using  a  20-L  stirred  tank 
reactor  (BiostatC,  B-Braun  Inc.,  Allentown,  PA,  USA)  in 
buffered  LB  medium  (potassium  phosphate,  90  mM,  pH  7.4). 
The  medium  was  supplemented  with  glycerol  (0.5  wt.%/v), 
Antifoam  C  (0.005%  v/v)  (Sigma-Aldrich,  St.  Louis,  MO, 
USA)  and  kanamycin  (25mgL-1).  The  reactor  medium 
(15  L)  was  inoculated  (5%  v/v)  with  a  mid-log-phase  cul¬ 
ture  of  E.  coli  JM109  (pJS  1927).  After  90  min  incubation, 
IPTG  (0.5  mM)  was  added  to  medium  and  the  cultures  incu¬ 
bated  1 3  h  (30  °C,  250-400  rpm,  20  L  air  min- 1 )  prior  to  use 
in  substrate  biotransformations. 

2.2.  Analytical  methods 

Nitrite  concentrations  were  measured  using  the  diazotiza- 
tion  method  as  described  in  [22].  Standard  curves  for  nitrite 
provided  from  solutions  of  sodium  nitrite  in  media  identi¬ 
cal  to  sample  preparation,  measurements  were  made  with 
a  microplate  reader  (Bio-Tek  Instruments  Model  ELx808 
(Winooski,  VT))  at  562  nm. 

HPLC  analysis  was  done  using  a  model  1100  chro¬ 
matography  system  equipped  with  a  diode  array  detector 
for  monitoring  the  eluent  (Agilent  Inc.  (Santa  Clarita,  CA)). 
Reaction  compounds  were  separated  on  a  Supelcosil  LC- 
ABZ  +  Plus  column  (25  mm  x  4.6  mm;  Supelco  Inc.  Belle- 
fonte,  PA)  using  an  acetonitrile:trifluoroacetic  acid  (0.1%) 
mobile  phase.  Mobile  phase  composition  and  flow  rate  were 
changed  for  various  reactions  to  allow  acceptable  resolution 
of  compounds  and  efficient  run  cycles.  Eluent  was  monitored 
at  254,  280,  and  310nm  for  detection  of  substrates  and  prod¬ 
ucts.  Gas  chromatography-mass  spectroscopy  (GC-MS) 
sample  preparation  and  analysis  done  as  described  previ¬ 
ously  [19].  Reaction  product  identities  were  confirmed  by 
comparison  with  authentic  standards  when  available.  Puta¬ 
tive  identification  of  other  products  made  from  interpretation 
of  chromatographic  and  spectral  data. 

For  NMR  analyses  the  samples  were  dissolved  in 
chloroform-d.  NMR  spectra  were  collected  using  a  Varian 
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Inova  spectrometer  equipped  with  a  5  mm  indirect  detec¬ 
tion  probe  operating  at  499  Mhz  for  1H  and  126  MHz  for 
13C.  Chemical  shifts  are  reported  in  ppm  relative  to  TMS. 
The  1  H  and  13C  chemical  shifts  assignments  were  based  on 
the  1  H-13C  one-bond  and  long-range  correlations  seen  in 
the  gradient  heteronuclear  multiple  bond  correlation  (ghmbc) 
spectra.  (NMR  analysis  and  interpretation  performed  at  Uni¬ 
versity  of  Florida,  Department  of  Chemistry,  I.  Ghiviriga.) 

2.3.  Substrate  preference  assays 

Recombinant  strains  carrying  nitroarene  dioxygenase 
genes  were  grown  to  induce  oxygenase  synthesis,  cells  har¬ 
vested  by  centrifugation,  washed  with  potassium  phosphate 
buffer  (20  mM,  pH  7.0)  then  used  immediately  in  the  bio¬ 
transformation  reaction.  The  reaction  mixtures  contained 
5.0  mL  buffered  minimal  media  (MSB,  pH  6.8)  [23],  sub¬ 
strates  (100  pM)  and  the  recombinant  E.  coli  strains  (A6oo  - 
2).  The  suspensions  were  incubated  on  a  rotating  drum  shaker 
at  30  °C,  samples  were  collected  for  analysis  by  reverse  phase 
HPLC  and  colorimetric  nitrite  determination  [24].  After  2h 
incubation  the  cells  were  removed  by  centrifugation;  the  pH 
was  lowered  to  4.0  with  hydrochloric  acid,  and  ascorbic  acid 
or  sodium  dithionite  (2  mM)  was  added  to  limit  air  oxida¬ 
tion  of  products.  The  reaction  mixture  was  extracted  with 
ethyl  acetate  (3x,  0.25  vol.),  the  organic  phases  were  com¬ 
bined  and  dried  over  anhydrous  sodium  sulfate,  the  solvent 
was  removed  under  vacuum,  and  the  residue  was  analyzed 
by  using  GC-MS. 

2.4.  Bulk  transformation 

Following  cultivation,  the  cells  (E.  coli  JM109  (pIS  1927)) 
were  harvested  by  using  centrifugation,  and  then  washed 
twice  with  one-fourth  volume  MSB  (pH  6.8).  The  cells  were 
resuspended  in  4L  MSB  (pH  6.8)  and  sparged  with  com¬ 
pressed  air  until  use  in  biotransformation.  The  bulk  trans¬ 
formations  of  substrates  were  done  in  a  stepwise  fashion  in 
the  20  L  reactor  using  the  recombinant  strain  resuspended  in 
MSB  (pH  6.8)  containing  glucose  (5  mM)  and  the  chloroni- 
trotoluene  substrates.  Samples  were  collected  regularly  and 
analyzed  using  HPLC  to  determine  substrate  and  product  lev¬ 
els.  Substrate  dissolved  in  dimethylformamide  was  added  to 
the  reaction  as  needed.  When  catechol  accumulation  rates 
slowed,  the  reactions  were  diluted  with  media  and  cell  sus¬ 
pension  added  to  resume  the  reaction.  Total  reaction  times 
were  6-8  h. 

2.5.  Catechol  purification 

After  the  biotransformation  reaction,  the  cells  were 
removed  from  media  using  a  tangential  flow  filtration  sys¬ 
tem  (Pellicon,  Millipore  Corp.,  Bedford,  Mass,  USA).  The 
filtrate  was  transferred  to  glass  carboys  then  acidified  to  pH 
4.0  (cone.  HC1)  and  treated  with  sodium  dithionite  (2mM) 
to  stabilize  the  catechols  in  aqueous  solution.  The  solutions 


were  stored  at  4  °C  and  were  stable  at  least  5  days  under  these 
conditions.  The  catechol  was  concentrated  from  the  filtrates 
by  binding  to  DPA-6  resin  (Supelco  Inc.,  Bellefonte,  Penn, 
USA).  The  media  was  loaded  onto  packed  resin  beds  (25  or 
50  g  in  90  or  110  mm  Buchner  funnels)  and  allowed  to  flow 
by  gravity  through  the  matrix.  Samples  of  the  eluent  were 
monitored  for  product  breakthrough  and  the  resin  replaced 
when  binding  capacity  attained.  The  chloromethylcatechols 
were  eluted  from  the  resin  with  100  ml  aliquots  of  methanol 
then  analyzed  by  reverse  phase  HPLC.  Aliquots  contain¬ 
ing  individual  chloromethylcatechols  were  combined  and  the 
methanol  removed  by  vacuum  distillation.  Following  distil¬ 
lation,  a  tan  to  brown  residue  including  the  catechol  remained 
in  the  flask.  The  residue  was  dissolved  in  ethyl  acetate,  passed 
over  anhydrous  sodium  sulfate  to  remove  remaining  water, 
then  the  solvent  removed  by  vacuum  distillation.  The  residue 
was  then  collected  and  placed  in  a  desiccator  under  vacuum 
for  24—72  h  to  continue  drying  the  product.  Final  purification 
was  done  using  vacuum  sublimation;  crystals  that  formed  on 
the  apparatus  condensation  point  were  collected  and  stored 
desiccated  in  amber  vials  at  —20  °C. 

2.6.  Chemicals 

Nitroaromatic  substrates,  available  product  standards,  and 
other  chemicals  were  purchased  from  Sigma-Aldrich  or 
ChemServices  Inc.  (Westchester,  PA).  Antibiotics  were  from 
Sigma-Aldrich.  Molecular  biology  reagents  were  purchased 
from  Roche  Applied  Science  (Indianapolis,  IN). 

3.  Results 

3.1.  Substrate  preferences-catalytic  specificity  ofNBDO 
and  24DDO 

The  NBDO  demonstrated  a  significantly  broader  substrate 
preference  than  the  24DDO  (Table  1).  Dioxygenase  attack 
measured  by  nitrite  evolution  was  detected  in  just  6  of  the  23 
substrates  tested  with  24DDO,  nitrite  evolution  was  found 
with  20  of  23  substrates  incubated  with  NBDO.  The  result 
with  NBDO  corroborate  previous  experiments  which  showed 
that  NBDO  has  a  relatively  relaxed  substrate  preference  [19]. 

Results  from  GC-MS  analysis  revealed  that  the  methyl 
group,  unsubstituted,  and  halogen-substituted  carbons 
were  targeted  in  addition  to  the  nitro  substituted  carbon. 
Catalytic  specificities  differed  for  the  two  nitroarene 
dioxygenases;  a  few  examples  are  described  next.  When 
mononitrotoluenes  were  tested  as  substrates,  mixtures  of 
the  corresponding  methylcatechols  and  nitrobenzylalcohols 
resulted  from  dioxygenation  and  monooxygenation  of  the 
substrates,  respectively  [19].  GC-MS  analysis  revealed 
that  24DDO  only  hydroxylated  the  methyl  group  of  the 
mononitrotoluenes,  no  nitrite  was  detectable  (Table  1) 
and  no  methylcatechol  isomers  were  identified  in  GC-MS 
results.  Another  contrast  in  catalytic  specificity  was  found 
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Table  1 

Dioxygenation  of  substrates  by  nitrobenzene-  and  2,4-dinitrotoluene 
dioxygenase 


Substrate 

Relative  activity 

NBDO 

24DDO 

Nitrobenzene 

1.00 

- 

2-Nitrotoluene 

0.59a 

- 

3-Nitrotoluene 

2.21“ 

- 

4-Nitrotoluene 

0.42“ 

- 

2,3-Dinitrotoluene 

0.05 

0.01 

2,4-Dinitrotoluene 

0.06 

1.00 

2,6-Dinitrotoluene 

0.40 

0.05 

3,4-Dinitrotoluene 

0.03 

- 

1 ,3-Dinitrobenzene 

0.89“ 

0.15 

2-Bromo-3-nitrotoluene 

1.01 

- 

2-Chloro-3-nitrotoluene 

1.09 

- 

2-Chloro-4-nitrotoluene 

0.61 

0.56 

2-Chloro-6-nitrotoluene 

1.12 

0.02 

4-Chloro-3-nitrotoluene 

0.11 

- 

4-Bromo-3-nitrotoluene 

0.16 

- 

2,5-Dichloronitrobenzene 

- 

- 

2,4-Diamino-6-nitrotoluene 

0.11 

- 

4- Amino-3 , 5  -dinitrotoluene 

0.13 

- 

2-Amino-6-nitrotoluene 

0.07 

- 

4-Amino-2-nitrotoluene 

0.30 

- 

4-Amino-3-nitrotoluene 

- 

- 

2,6-Dinitroaniline 

0.83 

- 

4-Nitro-aaa-trifluorotoluene 

- 

- 

Values  are  mean  rate  of  triplicate  trials  for  each  substrate/oxygenase  combi¬ 
nation  relative  to  the  transformation  of  nitrobenzene  or  2,4-dinitrotoluene. 
No  nitrite  detectable  by  sulfanilamide  assay  NBDO:  nitrobenzene  dioxy¬ 
genase  ( E .  coli  JM109  (pJS1927))  24DDO:  2,4-DNT  dioxygenase  ( E .  coli 
JM109  (pJS1048)). 

a  From  Lessner  et  al.  Appl.  Environ.  Microbiol.  2002;68:634. 

with  2-chloro-4-nitrotoluene  as  the  substrate.  The  relative 
dioxygenase  activities  with  2-chloro-4-nitrotoluene  were 
similar  for  both  tested  nitroarene  dioxygenases,  but  the 
product  distribution  differed.  Results  from  GC-MS  analysis 
showed  that  24DDO  only  catalyzed  dioxygenase  attack  of 
the  nitro-substituted  and  adjacent  carbon,  NBDO  catalyzed 
dioxygenation  of  the  ring  as  well  as  monooxygenation  of 
the  methyl  group  on  2-chloro-4-nitrotoluene  [19]. 

3.2.  Laboratory  scale  transformation  of  two 
chloronitrotoluene  isomers 

Two  chloronitrotoluene  isomers  were  selected  for  gram- 
scale  biotransformation  reactions  with  NBDO  as  the 
oxygenase  catalyst.  The  predicted  products  from  the 
transformations  were  two  chloromethylcatechol  isomers, 
substituted  at  the  substituted  at  the  3,4-positions  of  the 
ring.  The  larger  scale  reactions  using  NBDO  provided 
sufficient  amounts  of  purified  chloromethylcatechol  isomers 
for  unequivocal  identification  of  the  compounds  as  well  as 
insight  about  the  application  of  NBDO  in  a  synthetic  process. 

The  recombinant  cells  transformed  2-chloro-3-nitroto- 
luene  (2C13NT)  and  2-chloro-6-nitrotoluene  (2C16NT)  as 
in  the  substrate  preference  screens;  a  single  catechol  iso¬ 
mer  was  formed  from  2C13NT,  and  two  catechols  from 


Fig.  2.  Initial  stages  in  gram  scale  transformation  of  2-chloro-3-nitrotoluene 
and  2-chloro-6-nitrotoluene  by  NBDO.  (A)  2-chloro-3-nitrotoluene  reac¬ 
tion.  (■)  2-chloro-3-nitrotoluene,  (•)  3-chloro-4-methylcatechol.  Initial 
increases  in  chloronitrotoluene  concentration  are  due  to  slow  dissolu¬ 
tion  of  compound.  (B)  2-chloro-6-nitrotoluene  reaction.  (■)  2-chloro-6- 
nitrotoluene,  (•)4-chloro-3-methylcatechol,  (O)  3-methyl-4-nitrocatechol. 

2C16NT  (Fig.  2).  The  products  were  initially  noted  as  polar 
peaks  that  accumulated  through  the  reaction.  3-Methyl-4- 
nitrocatechol  was  identified  by  comparison  to  a  chemical 
standard  [25].  The  identity  of  the  3-chloro-4-methylcatechol 
(3C14MC)  and  4-chloro-3-metylcatechol  (4C13MC)  peaks 
were  subsequently  confirmed  from  product  isolation  and 
characterization  (below).  The  nitrobenzene  dioxygenases 
showed  good  catalytic  specificity.  The  nitro-substituted 
carbon  was  the  exclusive  site  for  the  dioxygenase  with 
2C13NT,  and  favored  18:1  over  the  chloro-substituted  car¬ 
bon  with  2C16NT.  No  evidence  for  monooxygenation 
of  the  methyl  group  of  either  substrate  was  detectable. 
The  initial  catechol  production  rates  were  comparable 
for  the  two  reactions  (17.6  nmol  min-1  (mg  protein)-1 
(4C13MC)  and  14.0nmolmin-1  (mg  protein)- 1  (3C14MC)). 
The  conversion  efficiencies  (chloromethylcatechol  in  super- 
natant/chloronitrotoluene  disappearance)  differed  signif¬ 
icantly  at  reaction  end;  0.83  (3.49  g  4C13MC/4.23g 
2C16NTol)  and  0.46  (3.59  g  3C14MC/7.88  g  2C13NTol).  The 
conversion  was  limited  by  three  factors.  Substrate  was  lost 
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to  volatilization  in  both  reactions.  During  the  transforma¬ 
tion  of  2C16NT  reaction,  there  was  a  detectable  level  of 
misdirected  hydroxylation  of  the  chloro-substituted  carbon 
(Fig.  2b).  Additional  losses  occurred  during  the  reaction 
from  air-oxidation  of  catechols  to  form  semi-  and  ortho- 
benzoquinones  [26]. 

Product  toxicity  is  commonly  encountered  during  biocat- 
alytic  catechol  synthesis  [13].  In  the  2C13NT  transforma¬ 
tion  reaction,  catalysis  stalled  as  the  product  concentration 
approached  1500  |xM,  but  dilution  of  the  reaction  mixture 
restored  activity.  The  observation  suggests  inhibition  by  the 
chloromethylcatechol.  The  phenomenon  was  not  examined 
further  in  the  present  work,  but  the  putative  toxicity  was  con¬ 
sidered  in  the  subsequent  reaction  with  2C16NT.  During  the 
2C16NT  transformation  (Fig.  2b)  the  substrate  concentrations 
and  additions  were  controlled  to  keep  product  levels  below 
the  apparent  1500  |xM  inhibitory  threshold. 

3.3.  Analysis  of  chloromethylcatechol  isomers 

The  accumulation  of  nitrite  in  the  reaction  media  provided 
presumptive  evidence  of  chloromethylcatechol  formation 
[19]  and  preliminary  GC-MS  results  of  the  trimethylsilane- 
derivatized  products  were  also  consistent  with  chloromethyl¬ 
catechol  isomers.  In  order  to  confirm  the  structures,  the 
products  were  isolated  from  the  two  reaction  mixtures,  puri¬ 
fied  (>95%  by  GC  and  HPLC  analysis),  then  characterized 
using  additional  chemical  analyses.  Product  yields  from 
reaction  supernatants  were  17%  for  3C14MC  and  10%  for 
4C13MC. 

Vacuum  sublimation  provided  bright  yellow,  flaked  crys¬ 
tals  (mp  73-76  °C)  from  the  2-chloro-3-nitrotoluene  reaction 
product.  LC-MS  and  GC-MS  analysis  gave  a  molecular 
ion  (M)  of  158  AMU,  as  expected  for  chloromethylcatechol. 
The  mass  spectrum  showed  an  M:M+  2  ratio  of  3:1  along 
with  a  principal  fragment  at  M—  35;  both  are  characteristic 
of  a  single  chloride  atom.  The  aromatic  fragment  at  77  AMU 
was  also  evident  in  the  product  mass  spectrum.  Proton  and 
13C  NMR  supported  the  presumptive  identification  of  the 
structure  as  3-chloro-4-methylcatechol  [HI  NMR  (499  MHz, 
CDC13)  S  2.28  (s,  3H),  5.42  (s,  2H),  6.70  (d,  ./=  8.4  Hz,  1H), 
6.75  (d,  J=  8.4 Hz,  1H)  -  C13  NMR  (126  MHz,  CDCI3)  S 
19.5,  113.6,  120.3,  121.9,  127.8,  139.3,  142.6].  The  spectra 
are  in  agreement  with  those  of  the  3-chloro-4-methylcatechol 
previously  identified  as  a  minor  product  from  2-chloroto- 
luene  transformation  by  tetrachlorobenzene  dioxygenase 
[21]. 

White,  needle-shaped  crystals  (mp  67  °C)  were  obtained 
from  vacuum  sublimation  of  the  putative  chloromethylcate¬ 
chol  produced  from  2C16NT  transformation.  The  mass  spec¬ 
trum  was  consistent  with  chloromethylcatechol  [M—  158; 
M:M  +  2  of  3:1;  strong  M  —  35  peak;  and  the  aromatic  peak 
at  77  amu).  Proton  and  13C  NMR  were  in  agreement  with 
the  structure  assignment  as  4-chloro-3-methylcatechol  [HI 
NMR  (499  MHz,  CDCI3)  S  2.29  (s,  3H),  5.15  (s,  1H),  5.35 
(s,  1H),  6.64  (d,  7=8.7  Hz,  1H),  6.80  (d,  7=  8.7  Hz,  1H)-C13 


NMR  (126  MHz,  CDC13)  8  13.0,  113.4,  120.6,  123.3,  127.0, 
141.7,  143.3],  Spectral  characteristics  are  consistent  with 
those  previously  reported  for  4-chloro-3-methylcatechol,  an 
intermediate  in  the  3-chloro-2-methylbenzoate  degradation 
pathway  [28]. 

4.  Discussion 

The  nitroarene  dioxygenases  expand  possible  synthetic 
routes  for  substituted  catechols;  the  enzymes  provide 
a  single-step  biocatalytic  route  to  the  products.  The 
dehydrogenase-catalyzed  step  that  follows  hydroxyla¬ 
tion  in  other  dioxygenase-based  processes  [7,8]  is  not 
required  because  nitrite  elimination  leads  to  spontaneous 
rearomatization  of  the  ring.  The  oxygenase  preference 
for  the  nitro-substituted  carbon  provides  a  strategy  to 
direct  regiospecific  hydroxylation  of  the  substrate.  The 
availability  or  cost  of  nitroarenes  as  starting  materials  will  be 
a  consideration  in  process  design.  Although  acid-catalyzed 
nitration  of  aromatic  compounds  occurs  quite  readily,  there 
are  instances  where  nitration  of  specific  carbons  in  the 
ring  is  a  low-yield  reaction,  which  complicates  obtaining 
the  necessary  substrate.  In  a  case  where  the  appropriate 
nitroarene  is  not  available,  alternate  biocatalysts  might  trans¬ 
form  other  benzylic  substrates  to  yield  the  product.  Another 
potential  limitation  of  the  approach  is  reduction  of  the 
nitro  substituents  by  host  enzymes.  Gratuitous  reduction  of 
nitroaromatic  compounds  is  common  in  microorganisms  and 
catalyzed  by  a  number  of  enzymes  [29,30].  The  unwanted 
host-catalyzed  reactions  must  be  guarded  against  in  any 
application. 

The  substrate/catalyst  screening  carried  out  in  the  present 
work  highlights  the  advantages  in  evaluating  a  number  of 
oxygenases  for  a  given  transformation.  The  terminal  oxy¬ 
genase  components  of  NBDO  and  24DDO  share  more  than 
87%  amino  acid  sequence  identity  [19],  yet  their  substrate 
preferences  and  catalytic  specificities  are  very  different.  The 
results  support  creating  a  bank  of  recombinant  nitroarene 
dioxygenases  from  degradation  pathways  that  could  be 
screened  for  specific  transformations.  Additional  catalytic 
range  for  24DDO  has  been  reported  through  mutagenesis  of 
the  oxygenase  [31].  The  molecular  genetic  approach  could 
provide  an  almost  unlimited  source  of  enzyme  variants  and 
the  appropriate  screens  will  uncover  desired  oxygenase 
specificity. 

The  present  study  demonstrates  the  application  of 
nitroarene  dioxygenases  for  synthesis  of  two  chloromethyl¬ 
catechol  isomers.  We  are  currently  extending  the  strategy 
to  produce  catechols  from  other  substituted  nitroarenes. 
Process  modifications  will  improve  efficiency  of  the  trans¬ 
formation.  Membrane  oxygenation  would  reduce  substrate 
losses  due  to  volatilization  [32]  Two-phase  reaction  media 
[3]  and  in  situ  product  recovery  [12]  could  be  used  to  limit 
the  contact  of  catalyst  and  product,  overcoming  anticipated 
toxicity  problems.  The  changes,  along  with  medium  and 
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catalyst  optimization  could  be  used  in  combination  to 
provide  practical  product  yields. 
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